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INTRODUCTION 
Grain-size distributions, pebble lithologies, and 
pebble orientations in till and associated sorted sediments 
comprising specific glacial deposits and landforms can 
provide valuable evidence of the source and depositional 
history of the sediments in question (e.g., Boulton, 1970; 
Lawson, 1979). The work discussed here was conducted in 
the Martin-Marietta Ames "Cook's" Quarry site, Story 
County, Iowa, in an attempt to explain the genesis and 
geomorphology of the area in terms of its landform and 
sediment. 
Statement of Problem 
By using the structure and composition variability of 
till, the genesis of the sediments can be establish. Once 
established, an interpretation can be made concerning the 
origin of the "minor moraine·' system on the Des Moines lobe 
surface. Methods used to determine "minor moraine" origin 
include grain-size and sieve analysis, fabric orientation 
analysis, and analysis of pebble lithologies. 
Previous Work 
Bedrock geology 
The bedrock geology of central Iowa ranges in age from 
Mississippian to Pennsylvanian (Figure 1). The 
Pennsylvanian Cherokee Group was described in the area by 
Zimmerman (1952) and consists of shales, sandstones, and 
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Figure 1. Stratigraphic column of the 
bedrock in central Iowa 
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thin limestone layers. Mississippian strata were 
identified in the area by Nicklin (1974), who recognized 
the St. Louis, Warsaw, Keokuk, Burlington, Gilmore City, 
and Hampton formations. In general, the formations are 
only exposed in bedrock valleys and quarry sites (Kent, 
1969). 
The bedrock geology of central Iowa has been studied by 
many authors including Beyer (1898), Zimmerman (1952), 
Backsen (1963), and Wille (1984). In Story County, an 
erosional bedrock surface of Mississippian age is out by 
two ancient river channels, filled by glacial outwash and 
buried by addi~ional glacial sediments of varying age 
(Nicklin, 1974). The bedrock exposed at the Cook's quarry 
site is the Mississippian St. Louis Formation consisting of 
dolostone overlain by a thin (less than 0.3 m) sandstone; 
these rocks are covered successively by glacial outwash, 
sand, and till. Although the quarry is currently owned by 
the Martin-Marietta Company, the name Cook's quarry is 
retained because of its common use in earlier literature. 
Structurally, the Ames area consists of a NE-SW 
trending anticline which has been faulted in two locations 
(Wille, 1984). The quarry site is situated on the down 
side of the northern-most fault (Figure 2). The fault cuts 
through the Mississippian rock which is overlain by 
Pleistocene sediments. These rocks have been cut by the 
4 
Figure 2. Location of quarry with respect to 
subsurface faults (after Wille (1984)) 
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ancient Skunk River channel and are filled with stream 
sediments which are overlain by Des Moines lobe glacial 
sediments. 
Pre-Illinoian sediments 
Pre-Illinoian sediments underlie deposits of the Des 
Moines Lobe (Kemmis et al., 1981), and are composed of an 
upper paleosol which developed during the Yarmouth and 
Sangamon interglacial stages (Ruhe, 1969). The paleosol is 
underlain by a series of as many as four tills (Kemmis et 
al., 1981) (Figure 3). Although well-exposed in many parts 
of central Iowa, Pre-Illinoian sediments are not present in 
the study area. 
Wisconsinan sediments 
Wisconsinan sediments in the study area and elsewhere 
in central Iowa were deposited by at least two advances of 
the Laurentide ice sheet during mid- and late-Wisconsinan 
time (Kemmis et al. 1981; Ruhe, 1969) (Figure 3). The 
latest advance reached as far south as Des Moines, and is 
thus known as the Des Moines Lobe (Kemmis et al., 1981). 
Des Moines lobe deposits have been assigned to the Dows 
Formation (Kemmis et al., 1981). The Dows Formation is 
divided into two units, consisting of basal tills (the 
Alden Member), and an overlying series of supraglacial 
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column (after Kemmis et al. (1981» 
7 
tills, diamictons, and meltwater deposits called the Morgan 
Member. In other areas the Alden member overlies a 
well-developed paleosol on older Pleistocene sediments. 
The tills in the study area also overlie older sediments, 
however, these sediments are fluvial in origin and do not 
contain a paleosol. Elsewhere outside the study area, the 
Alden Member is typically a basal till, which implies that 
the fabric was caused by dynamic, forward-moving ice, and 
was preserved as the interstitial ice melted from the basal 
debris zone (Lawson, 1979; Kemmis et al., 1981). These 
tills are commonly overconsolidated because they were 
overlain by a vast thickness of ice at the time of 
deposition (Dremanis, 1976; Sugden and John, 1976). In 
general, basal tills contain scant meltwater sediments, 
although locally small lenses of sand and gravel are 
present (Dremanis, 1976; Sugden and John, 1976). The 
thickness of the Alden Member does not vary greatly in the 
study area, with an average thickness of about 10 meters. 
However, Kemmis et al. (1981) established an 10-17 meter 
model thickness over the entire lobe. 
The Morgan Member is not present in Cook's Quarry, but 
due to the proximity of the Altamont moraine less than a 
kilometer away, it probably does occur in the area. 
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Geomorphology of the studY area 
In central Iowa, the Iowa Geological Survey (IGS) has 
categorized the topography into thirteen major landscape 
divisions with subdivisions where necessary (Kemmis et al., 
1981). Only one category distinguishes the study area, 
defined as "landforms consisting of small curvilinear ridge 
forms generally one to two meters in relief, superimposed 
on broader topographic swells and swales with moderate to 
low local relief" (Kemmis et al., 1981). These landforms 
are also known as "minor moraines" (Gwynne, 1951) or swell 
and swale topography as originally discussed by Gwynne 
(1942). Gwynne (1942) thought that these features were a 
result of winter re-advances during the time of overall 
glacial retreat. His hypothesis was that with winter snows 
the glacier advanced, bulldozing the material in front of 
it into small linear moraines, and each successive summer 
the glacier receeded farther to the north. The minor 
moraines typically trend normal to ice flow direction and 
turn in upon themselves at their margins. By knowing minor 
moraine orientations it is possible to determine local ice 
flow direction and, more importantly, to evaluate pebble 
fabric modes in the till constituting the minor moraine. 
When Gwynne (1942) first described the swell" and swale 
topography, he stated that the landforms were barely 
9 
discernible at ground level and were only a few meters to 
tens of meters long with a relief of only one to two 
meters. However, these minor moraines are quite easy to 
pick out from air photographs as they exhibit a mottled, 
arcuate pattern which can be traced for kilometers. Foster 
and Palmquist (1969) used the mottled pattern of minor 
moraines to determine directions of ice movement on a 
regional basis on the Des Moines lobe in central Iowa. 
They further discussed five possible origins. The first 
theory which Foster and Palmquist (1969) proposed was a 
restatement of a theory by Gwynne (1942) in which minor 
moraines were the result of winter advancement in overall 
receding glacier ice, possibly an annual occurrence at the 
margin of the ice sheet. They discounted this theory with 
the fact that the stagnation of glaciers proceeds in 
down-wasting ice rather than back wasting of the ice mass. 
The second theory they discussed was the idea of a 
supraglacial crevasse fill whereby transverse crevasses 
oriented parallel to each other developed during ice 
advance and were filled during ice "retreat". It is 
reasonable to predict the formation of such crevasses but 
Foster and Palmquist (1969) expect a chaotic fabric with 
the long axis of clasts transverse to the ridge trend. The 
third hypothesis invoked a thrust plane origin for the 
10 
ridges. Foster and Palmquist (1969) stated that a zone of 
active brittle ice could have overridden a stagnant zone of 
ice in front of the snout resulting in thrusting of the 
till. They reported that while thrusting had been observed 
in the Antarctic glaciers there was no mechanism to produce 
parallel ridges. They stated that only in an area 
controlled by a seasonal temperature flux could thrusting 
in regular intervals be produced. These parallel ridges 
could not been produced over such diverse conditions as 
must have existed. The fourth theory allows for the 
creation of the swell and swale topography through the 
interaction of the ice and the till at their boundary. 
Foster and Palmquist (1969) state that the ice and the till 
act as a viscous fluid in which the flow is similar to sine 
waves. These waves are generated because they produce the 
least amount of friction between the bed and the sole of 
the glacier. Their major argument against the idea was 
that sine waves in glacial ice had never been seen in the 
modern environment and the sine waves would have to operate 
on a much smaller scale. The fifth hypothesis stated that 
unfrozen ground moraine had been forced into subglacial 
crevasses or breached surfacial crevasses. They discounted 
this theory on the basis of fabric studies conducted in 
modern squeezed crevasse fillings on Baffin Island 
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(Andrews, 1963). At that site the clasts were oriented 
perpendicular to the ridge axis and plunged away from the 
ridge crest on both sides. Foster and Palmquist (1969) 
concluded that the moraine ridges were formed either from 
active ice advance or from ice stagnation. 
This study was concerned with ridge crest formation of 
the minor moraines and did not consider the troughs to be 
an active part in the formation. Burras (1984) examined 
Holocene sedimentation taking place within the troughs. 
Clayton and Freer (1967) looked at landforms 
("washboard moraines") similar to "minor moraines" in this 
study area in North Dakota and have reported a number of 
meltwater and collapse features which are not found in the 
study area. The features seen in the North D~kota area are 
similar only in surface appearance to the ones found in 
central Iowa. The features in North Dakota reflect 
sediments draped upon the landsurface. These sediments are 
discontinuous and have pockets of collapsed sediments 
(Clayton and Freers, 1967). 
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METHODS 
Nomenclature of Glacial Deposits 
Boulton (1970, p. 68) defined a till as being "directly 
deposited by glacier ice and ... experiences no 
disaggregation by non-glacial sedimentary processes during 
or after sedimentation". This classification scheme is 
probably too restrictive for Quaternary glacial deposits 
since lithofacies criteria have been established for only a 
few till types (e.g., Stankowski, 1980). Eyles et al. 
(1983) suggested that stratigraphic interpretation and 
correlation of , glacial sediments should be based on the 
establishment of lithofacies, lithofacies assemblages, 
vertical profiles, and lateral relationships within 
depositional systems. Lithofacies codes for fluvial 
sediments were established by Miall (1977, 1978) and 
comparable lithofacies code for glaciogenic sediments were 
described by Eyles et al. (1983). The latter is detailed 
in Figure 4. This code can be applied to glaciogenic 
sediments from diverse environments although land-based 
glacial environments are emphasized here. The first letter 
identifies the principal sediment, (D) diamicton, (S) sand, 
and (F) "fines". The second character identifies the 
sample as either being clast- (c) or matrix- (m) supported. 
The third letter recognizes the structure as either massive 
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(m), stratified (s), or graded (g). A fourth letter, when 
present, can be included in the nomenclature as an 
interpretative adjunct to indicate resedimentation (r) or 
reworking by currents (c). The last character is usually 
in parentheses to imply its conjectural basis, i.e., the 
processes involved and their recognition are not completely 
understood in the modern environment. The final character 
is not used in this study because it presupposes that 
interpretations can be adequately be made in the field. An 
aim of this study is to assemble enough facts that an 
interpretation can be made as an end result. 
Grain Size Analysis 
Grain size analysis was performed on each sample taken 
from the sections measured in the quarry. A block of 
sediment was removed from the quarry, labeled, and allowed 
to dry. Once the sample had dried, it was crushed and 
sieved through a 2 mm seive. From that portion, 100 grams 
were removed for analysis. The sample was then allowed to 
soak overnight in water with a dispersant. After the 
sample had been soaked, it was stirred for one minute by 
machine malt blender to disaggregate the particles, and 
immediately poured into a 1 liter sedimentation tube. The 
contents of the cup were thoroughly rinsed into the tube 
which was then filled to the one-liter mark. The 
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suspension was then stirred with a stirring rod. After a 
minute of stirring the rod was removed and a hydrometer was 
inserted into the tube. When a minute had elapsed, the 
hydrometer reading was recorded. The readings were 
recorded at 1, 15, 40, 60 minutes, and 4, 8, 12, and 24 
hours. After the final reading, the contents of the tube 
were stirred, then decanted onto a 4 phi screen, and washed 
to remove the fine portion (silt plus clay). The remaining 
sand fraction was oven dried, then sieved through -1, 0, 1, 
2, 3,and 4 phi mesh sieves. These portions were weighed 
and added to calculate the sand content. The clay content 
was calculated from the hydrometer data and Stokes' law. 
The silt content was caluculated by the difference. 
Pebble Counts 
Pebble lithologies were determined on each till sample 
taken from the sections. These were taken from the same 
location as the grain size samples, but, due to the fragile 
nature of sandstone, siltstone, and shale clasts, these 
samples were not crushed to remove the pebbles from the 
matrix. Instead the matrix was washed from the pebbles. 
The samples were soaked overnight in a solution of 
water and a dispersant in order to disaggregate the 
samples. Once the matrix was removed, the pebbles were 
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sieved through a 2-mm mesh sieve, with the largest pebbles 
removed so the sieve would not be damaged. The pebbles 
that were larger than 2 mm were placed on the stage of a 
binocular microscope and sorted into seven different 
categories: igneous and metamorphic intrusive and 
extrusive, sandstone, siltstone, dolostone, limestone, and 
(others including coal, iron concretions, and unknowns). 
Igneous and metamorphic intrusive and extrusive rocks were 
basically distinguished by color (light vs. dark) and the 
presence or absence of quartz. The siltstones and shales 
were identified by their characteristic grey color and by 
their fissility. Sandstones were identified by their 
granular texture. The dolostones and the limestones were 
immersed in a weak acid bath on the stage of a binocular 
microscope. Those pebbles which effervesced violently were 
called limestones and those with a more subdued 
effervescence were dolostones. Those pebbles which could 
not be identified were placed in the other category. The 
first 20 samples contained over 1000 pebbles apiece, but 
because of the regularity found throughout these samples, 
subsequent samples were split down to about 200 to 250 
pebbles in all. 
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Till Fabric 
The term till fabric refers to elongate pebble 
orientation inherent within the till. As the ice flowed it 
exerted pressure upon the clasts held as debris which can 
cause those with a longer (A) axis to become preferentially 
imbricated up glacier and parallel to glacier flow. Once 
the ice retreated and deposited till the orientation 
remained. This orientation can be used by researchers to 
determine the direction of ice flow at the time of 
deposition. Boulton (1978) used clast orientation and 
shape"as indicators of transport by glacial means as well 
as ice flow direction indicators. 
The clasts with a predominant A axis were measured by 
using a long aluminum rod placed along the axis. The 
bearing of the rod was measured using a compass. The dip 
of the pebbles was also measured. At most locations 
approximately 25 to 30 pebbles were measured and recorded. 
The results were plotted on stereonets which could be used 
in the interpretation of fabric orientation. 
Bullet Stones 
Because the pebbles with a long axis were not 
definitive with respect to the absolute direction of 
glacial movement, the use of pentagonal, bullet-shaped 
pebbles became the determining factor as an ice direction 
18 
indicator. Wentworth (1936) suggested that pentagonal, 
flatiron shaped clasts were produced by glacial activity. 
Kruger (1984) noted that clasts embedded in ground moraine 
have a smooth bullet-shaped up-ice termination and a 
truncated down-ice termination. He stated that they are 
indicators of ice movement and are predominantly found in 
lodgement till. These bullet pebbles are numerous in the 
till at the study site, and their orientations were 
measured wherever found. 
19 
RESULTS 
Martin-Marietta's Ames "Cook's" quarry site is located 
in Section 24, T84W, R24W, in Story County, Iowa. The 
quarry is located less than a kilometer south of the 
Altamont moraine (Figure 5). The quarry itself is box 
shaped with three of the four sides exposed for 
examination. The quarry's crushed stone reserves are 
stored in the northern most section of the quarry. 
Section 1 East Wall 
Section 1 (Figure 6) started 7.5 m above bedrock on 
the east wall of the quarry 10 meters from a crushed stone 
dump. The section consisted of 3.6 meters of dense 
diamicton overlain by 4 meters of stratified sands from a 
stream channel. The first sample was taken at 7.5 m and 
consisted of a dense, blue-gray, massive, matrix supported 
diamicton with many stones and some iron staining on 
surficial sub-horizontal parallel fractures. The diamicton 
was texturally and compositionally uniform throughout the 
section with the exception of a color change from the 
unoxidized zone to the yellow brown of the oxidized zone at 
8.2 m and a decrease in the number of stones present at 8.5 
meters. The grain size distribution for the section showed 
little variation in the diamicton (Figure 6). The sand 
overlying the diamicton were a cream to buff colored 
20 
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Height Sand Silt Clay 
14.2m 49% 39% 12% )& b 
D 
13.5m 63% 33% 4% 
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11. 1m 48% * * 
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10.0m 45% 46% 9% ~ .. 
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clay silt sand gravel 
--------------------
*This sample contained 
52% gravel. 
Figure 6. Section 1 Grain size distribution. 
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Pebble Lithologies 
Height Crystalline Clastic Carbonate Others 
Light Dark S8 St Ls Ds 
10.5m 26% 16% 1% 19% 16% 19% 2% 
10.0m 27% 15% 0% 19~~ 14% 21% 1% 
9.5m 25% 27% 0% 19% 15% 20% 1% 
9.0m 27% 15~~ 0% 18% 19% 19% 2% 
8.5m 25% 19% 1% 17% 19% 18% 1% 
8.0m 28% 14% 0% 21% 21% 23% 3% 
7.5m 29% 15% 1% 19% 15% 19% 1% 
Rose diagram from 8.5 m 
Center circle represents 10% 
N=26 
Figure 6. (Continued) 
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stratified quartz sand. The channel was bowl shaped with a 
7 cm gravel lag lining the bottom. This lag was 52% 
gravel and 48% sand. The width of the channel, which 
occuppied a ridge, was slightly more than 7 m. The lag had 
been stained orange from oxidation and showed no signs of 
deformation. The sands at 13.1 m were so fine that they 
were field identified as fines, however, grain size 
analysis showed that they were 98% sand fraction. The 
sands at 13.5 were massive with an occasional pebble 
incorporated in them. Overlying the sands were materials 
which were very similar in grain size and appearance to the 
diamcton below. Pebble lithologies in this section were 
fairly consistent in the diamicton (Figure 6). Pebble 
orientation was measured on 30 stones. Most stones were 
aligned NW-SE with a dip of only a few degrees. 
also a subordinate transverse mode. 
Section 5 East Wall 
There was 
Section 5 was excavated 35 meters south of section one 
on the east wall of the quarry (Figure 7). The lower 7.0 m 
of section were obscured by colluvium. From 7.0 m to 10.0 
m there was a massive, matrix-supported diamicton with 
sub-horizontal fractures. The diamicton was dense, blue 
gray, with stone content decreasing upward. There was a 
color change at 8.3 m from the blue gray to an oxidized 
color of yellow brown. The upper 3.1 m of sections were 
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very fine, dark and light, regularly laminated sands and 
fines (Figure 7). The contact between the diamicton below 
and the fine sands above was a 7 cm, orange-stained, gravel 
lag. Of the total grain size distribution taken in this 
lag, 48% was gravel greater than 2 mm (Figure 7). The 
sands above the diamicton contained an occasional drop 
stone within the laminae (Figure 7). The lag at the base 
of the sands thinned and pinched out along the sides of the 
channel. The sand body showed no signs of deformation 
along the edges. Pebble orientations were measured on 31 
stones in this section (Figure 7). There was a bimodal 
distribution, however the degree of clustering was not as 
strong as that of the fabric from section 1. Pebble 
lithologies were fairly uniform throughout the section 
(Figure 7). As in other samples in other sections the 
predominant rock type was granite. Nearly half of all 
pebbles were crystalline rocks. The clastic portionof the 
samples was composed of a light gray, very friable 
siltstone and some sandstone. The carbonate portion was 
composed of sub-equal portions of dolostone and limestone. 
Section 6 East Wall 
Section 6 was excavated 15 m south of section 5 on the 
east wall of the quarry. It consisted of a little more 
than 2 m of diamicton overlain by sands deposited in an 
erosional channel (Figure 8). The channel lies directly 
Grain 
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Height Sand Silt (~lay 
lO.3m 43% 51% 6% 
lO.Om 50% *2% <1% 
8.5m 44% 43% 13% 
8.0m 43% 44% 13% 
8. :3m 50% 36% 14% 
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7.0m 46% 41% 13% 
---------------------
*This sample contained 
48% gravel. 
Figure 7. Section 5 
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Pebble Lithologies 
Height Crystalline Clastic Carbonate Others 
Light Dark Ss St Ls Ds 
9.5m 25% 16% 2% 18% 15% 11% 2% 
9.0m 27% 14% 0% 19% 15% 20% 1% 
8.3m 26% 15% 2% 19% 17% 18% 2% 
7.5m 28% 15% 0% 18% 20% 16% 2% 
7.0m 28% 16% 1% 18% 19% 17% 1% 
Rose diagram from 8.3 m 
Center circle represents 10% 
N=25 
Figure 7. (continued) 
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beneath the crest of a "minor moraine". The lower 5.5 m of 
the section were covered by colluvium. From 5.5 m to 7.2 m 
the diamicton was massive matrix supported, and blue-gray 
in color ~1i th many stones and sub-horizontal fractures. 
Grain size distributions in the diamicton varied little in 
composition throughout the section (Figure 8). There was a 
marked difference in the grain size distribution between 
the sands and the diamicton at 7.2 m. The sands were 
separated from the diamicton by a 7 cm orange stained 
gravel. Over 54% of the lag was gravel greater than 2 mm. 
The sand body above the lag varied greatly in grain size 
distribution. The main body of the channel was 9 m wide, 
however, there was a tail of sediments stretching for more 
than 10 m to the south of the channel. This tail thinned 
out over 30 m to a thickness of less than 15 cm with 
unaltered diamicton below the sands. Some of the sands 
were cross-bedded with the foresets dipping 43 degrees to 
the northeast. Pebble orientation was measured in the 
diamicton on 22 stones. The pebble fabric showed a bimodal 
distribution (Figure 8). There were only three bullet 
stones in the fabric sample. All three fell within the 
NW-SE direction and had dips less than 2 degrees. The sand 
body was continuous to the northeast, along the crest 
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Grain Size Distribution 
Height Sand Silt Clay 
14.5m 97% 3% 0% 
0 . 
14.0m 97% 3% 0% 
13.5m 61% 27% 12% 0 -
13.0m 29% 53% 18% 
. 0 
.. .. 
12.5m 57% 38% 7% . . . '
.. 0 
. 
. 
12.2m .. • • 97% 1% 2% . 0 
.: 0 
' . 
1L5m 38% 41% 21% 
': 
11. Om 43% 39% 18% 
. • 
9.5m 57% 41% 3% , , . 
" . . ' • 9.0m 97% 3% <1% 
8.5m 30% 53% 17% 
8.1m 46% * * 
7.7m 49% 34% 17% . , . .. " , . , . . , 
" 
0 0 
. , . 
7.2m 97% 2% 1% '0 . . .. .. of .. " 0 . 
6.5m 47% 36% 17% ~ b 
6.0m 49% 36% 18% ~ 
1:> ~ 
5.5m 48% 37% 15% 
---------------- Clay Silt Sand Gravel 
*This sample contained 
54% gravel. 
Figure 8. Section 6 
29 
Pebble lithologies 
Height Crystalline Clastic Carbonate Others 
Light Dark Ss St Ls Ds 
6.5m 25% 18% 2% 18% 15% 11% 0% 
6.0m 28% 14% 0% 19% 14% 20% 1% 
5.5m 26% 15% 1% 20% 17% 18% 2% 
• • 
Hdj3~~~Ii~ftt8M Rose diagram from 6.0 m 
Center circle represents 10% 
N=27 
Figure 8. (continued) 
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of a minor moraine for 65 m (Figure 9). Auger samples were 
taken to the depth of 1 meter to determine the position of 
the sand body within the ridge crest (Figure 10). The sand 
composed the crest of the ridge for 65 m, and then pinched 
out into diamicton (although the ridge of diamicton was 
traceable for almost a kilometer at a lower elevation). 
Pebble lithologies were similar to those in other sections. 
Section 4 South Wall 
The south wall of the quarry was about 75 meters wide 
(Figure 11). Section 4 was excavated 20 meters from the 
east wall (Figure 12). The section extended from bedrock 
to surface for a total distance of 12.1 meters. The lower 
2.2 meters were fluvial sands and the upper 9.1 meters were 
diamicton (Figure 13). The lower 2.2 m consisted of orange 
to cream, quartzose sands. The sands at the base of the 
outcrop were loosely cemented together with a silceous 
cement. The sediments immediately overlying the basal sand 
varied in grain size from sand to fines (Figure 12). 
The contact between the sands and the diamicton was 
marked by a thin (3 em) veneer of iron-oxide encrusted 
silt, some of which had been incorporated as discrete units 
into the diamicton (Figure 14). The diamicton at the 
contact was gray, massive, and matrix-supported, with 
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Figure 11. View of the south and west quarry walls 
sub-horizontal fractures and many stones. The composition 
of the diamicton was uniform throughout the section, as 
evidenced by the grain size distribution in Figure 12 . 
There was a gradual change in color from unoxidized 
blue-gray in the lower portion to oxidized yellow brown at 
about 7.5-8.5 m. Pebble lithologies were fairly similar 
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Height Sand Silt Clay ~ 't 
-11. Om 39% 49% 13% 
1> 
10.5m 46% 41% 13% 
~ 
lO.Om 45% 43% 12% 
~ 
9.5m 48% 44% 8% 
" 9.0m 47% 42% 11% 
b 
8.5m 47% 44% 9% 
" 
8.0m 41~-6 45% 14% 
• 
7.2m 42% 44% 14% 6-
7.0m 42% 44% 14% 
" 
6.5m 42% 45% 13% I> tt 
6.0m 42% 44% 14% 
5.5m 41% 44% 15% I> 
5.0m 48% 40% 12% l> 
4.5m 45% 44% 11% 
" 
4.0m 46~6 63% 11% • 
3.5m 46% 53~6 19% 
,. 
3.0m 53% 36% 11% ~ • 
2.5m 47% 36% 17% 
. . . 
1. 8m 91% 5% 4% . , . 
. 
. . 
1. Om 87% 11% 2% . " 
• 
. . . . 
.6m 99% <1% <1% .... . 
Clay Silt Sand Gravel 
Figure 12. Section 4 
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Pebble Lithologies 
Height Crystalline Clastic Carbonate Others 
Light Dark Ss St Ls Ds 
12.4m 34% 16% 2% 20% 17% 14% 0% 
12.0m 27% 15% 0% 19% 15% 21% 3% 
11. 5m 32% 16% 4% 20% 16% 13% 0% 
11.0m 47% 11% 3% 16% 11% 10% 2% 
10.5m 28% 16% 1% 19% 20% 15% 1% 
10.0m 30% 12% 1% 18% 16% 19% 2% 
9.5m 37% 15% 3% 19% 14% 15% 1% 
9.0m 32% 15% 0% 18% 16% 17% 2% 
8.5m 34% 13% 2% 19% 17% 14% 1% 
8.0m 29% 14% 6% 12% 19% 18% 2% 
7.5m 28% 16% 0% 17% 19% 21% 3% 
7.0m 30% 13% 2% 19% 16% 23% 1% 
6.5m 27% 17% 1% 18% 15% 19% 2% 
6.0m 25% 15% 3% 17% 18% 21% 1% 
5.5m 27% 18% 2% 16% 11% 24% 1% 
5.0m 26% 15% 1% 17% 18% 21% 6% 
4.5m 28% 20% 2% 17% 14% 21% 0% 
4.0m 24% 17% 2% 19% 18% 20% 1% 
3.5m 28% 16% 1% 18% 17% 21% 0% 
3.0m 22% 17% 4% 15% 21% 16% 5% 
2.5m 35% 12% 3% 14% 20% 15% 1% 
2.2m 27% 8% 2% 15% 17% 29% 2% 
Rose diagram from 11.5 m and 6.0m 
Center circle represents 10% 
N=57 
Figure. 12 (continued) 
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Figure 13. Fluvial sands overlain by diamicton 
throughout the section (Figure 12). The pebble in this 
section were similar to other sections and consisted of an 
average 43% crystalline rock. The clastic portion was made 
up of a light gray, very friable siltstone and very little 
sandstone. There were almost equal amounts of limestone 
and dolostone. The last category ("other") had only a few 
percent in each count and it consisted of coal in the 
unoxidized portion and iron-oxide concretions in the 
oxidized portion of the diamicton. 
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Figure 14. Discrete rafts of silt in basal zone of 
diamicton 
Section 3 South Wall 
Section 3 was located thirty meters west of section 
four on the south wall of the quarry (Figure 15). It 
, 
consisted of 2.7 m of sands and fines overlain by 8.2 m of 
diamicton. The lower 2.7 m of the section were composed of 
stratified white, buff, and orange, massive sands. From 
1.2 to 2.6 m there were fine grained massive sediments 
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(Figure 15). At the contact between the sands and the 
diamicton there was a tree the root system of which was in 
life position (Figure 16). 
Figure 16. Overturned tree trunk in diamicton 
The tree trunk had been overturned toward a bearing of 
S47E with no dip. The roots extended down through the sand 
for 1.2 meters (Figure 17). Seven meters to the west other 
log fragments occurred, also with a NW-SE bearing (Figure 
18). The sands were overlain by gray, ' massive, stony, 
matrix-supported diamicton with sub-horizontal fractures. 
There were many bullet stones visible in the diamicton 
(Figure 19). The grain size of the diamicton as 
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Grain Size Distribution 
Height Sand Silt Clay 
11. 5m 43% 44% 13% 
11. Om 44% 44% 12% )) 
10.5m 44% 44% 12% .b 
10.0m 56% 36% 13% , 
9.5m 47% 44% 9% 
9.0m 42% 47% 11% 
8.5m 46% 44% 10% 
8.0m 44% 45% 11% 
7.5m 41% 47% 12% ~ 
7.3m 51% 32% 17% ~ 7.0m 47% 42% 13% ~ 
6.5m 73% 24% 3% 
6.0m 48% 40% 12% b A 
5.5m 48% 42% 10% 
5.0m 39% 47% 14% ~ ~ 6-
4.5m 36% 51% 13% t. 
,. 
4.0m 45% 43% 12% ,. ,. 
3.5m 45% 44% 11% 
3.0m 46% 42% 12% 
2.7m 98% 4% 1% 
2.0m 19% 72% 9% 
1. 8m <1% 91% 9% 
O.5m 100% 0% 0% 
Clay Silt Sand Gravel 
Figure 15. Section 3 
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Pebble Lithologies 
Height Crystalline Clastic Carbonate Others 
Light Dark Ss St Ls Ds 
11.5m 32% 16% 4% 20% 16% 13% 0% 
11.0m 29% 11% 3% 26% 21% 18% 2% 
10.5m 28% 16% 1% 19% 20% 15% 1% 
10.0m 30% 12% 1% 18% 16% 19% 2% 
9.5m 40% 15% 3% 19% 18% 18% 1% 
9.0m 32% 15% 0% 18% 16% 17% 2% 
8.5m 33% 11% 2% 19% 16% 15% 1% 
8.0m 29% 14% 6% 12% 19% 18% 2% 
7.5m 28% 16% 2% 17% 15% 21% 3% 
7.3m 28% 16% 0% 17% 15% 21% 3% 
7.0m 30% 13% 2% 19% 16% 23% 1% 
6.5m 27% 15% 1% 18% 15% 20% 3% 
6.0m 28% 15% 0% 17% 16% 21% 3% 
·5.5m 27% 18% 2% 16% 11% 24% 1% 
5.0m 26% 15% 1% . 17% 18% 21% 6% 
4.5m 27% 20% 3% 19% 12% 19% 2% 
4.0m 28% 16% 1% 18% 18% 19% 1% 
3.5m 28% 16% 1% 18% 17 21% 0% 
Rose diagram from 10.0 m and 6.0 m 
Center circle represents 10% 
N=61 
Figure 15. Section 3 (continued) 
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Figure 17. Root system tree in life position 
we ll as all other features showed little variat i on up the 
s ecti on . The only exceptions were the decrease in stone 
c o n t e n t a t about 5.6 m and a gradual color change from t he 
42 
Figure 18. Log fragment with NW-SE bearing 
Figure 19. Bullet stone at the base of section 3 
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unoxidized to oxidized state. Grain size distribution of 
the diamicton was relatively uniform throughout the 
section. Pebble counts were also fairly consistent in this 
section and similar to those elsewhere in the quarry 
(Figure 15). The average lithologies were about 42% of the 
stones as crystalline with most of those being light 
colored granites and quartz fragments. The clastic portion 
equalled 20% and was composed of a light gray siltstone and 
very little sandstone. Fabric orientations were measured 
in two locations with the results combined on a stereogram 
(Figure 15). The general alignment of the stones fell into 
a bimodal distribution of NW-SE and NE-SW. There were a 
few bullet stones with alignment of NW-SE. 
Section 7 West Wall 
Section seven was excavated after all other sections 
had been completed (Figure 20). It was logged in order to 
give better coverage of the western wall. There was 
limited access to the diamicton due to slumping and mine 
tailings. Sampling was limited to fabric measurements and 
pebble lithologies. 
Section 7 began 25 meters west of section 4 on the 
west wall. The lower 6.0 m were covered in slump and the 
upper 5 meters had been affected by mining activities. 
Only the middle four meters were exposed. The diamicton 
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Pebble Lithologies 
Height Crystalline 
Light Dark 
9.0m 28% 14% 
Clastic 
Ss St 
1% 19% 
7.0m 31% 12% 0% 18% 
Carbonate Others 
Ls Ds 
21% 14% 3% 
18% 19% 3% 
Rose diagram from 7.0 m 
Center circle represents 10% 
N=31 
Figure 20. Section 7 
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was similar to that elsewhere in the quarry: massive, 
matrix supported, dense, diamicton with sub-horizontal 
fractures and few stones. Although only two pebble 
lithology counts were taken they are very similar to the 
other pebble counts in the quarry (Figure 20). 
Fabric was measured on 25 stones at 8.1 m. The fabric 
showed a bimodal distribution in the diamicton (Figure 20). 
In the oxidized portion of the diamicton there were some 
ironstains on the surface of the pebbles as well as iron 
concretions in the pebble counts. 
Section 2 West Wall 
Section 2 was constructed 50 meters north of section 
seven on the west wall (Figure 21). The great distance 
between the two sections was due to the poor exposure on 
the west wall. Section two contained only 6 meters of 
section due to slumping and mining activities. The lower 
4.1 meters were sands and silts with varying grain size 
distributions (Figure 21). The first sample was collected 
in a loosely cemented white quartz sand. The sands 
continued for 4 meters, however there were pockets of light 
and dark silts enclosed within the sands. At 1.6 m two of 
these silt pockets were sampled. The lighter colored 
pockets were composed 97% silt and 3% clay with no sand. 
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The sands above 1.6 m were massive and varied in grain 
size from coarse to fine. There was no cross-bedding or 
other current features in the sands. The contact between 
the sand and diamicton occurred at 4.1 meters. Above the 
sands was a massive, matrix supported, dense, gray, 
diamicton with sub-horizontal fractures and many stones 
some of which were well developed bullet stones. The only 
change in the diamicton occurred at 6.0 meters, there was a 
slight decrease in the number of stones visible. Grain 
size was fairly constant throughout the section with 
portions much the same as the other sections in the quarry 
(Figure 21). The quarry continued out over the pond to the 
north but most of the walls were either too vegetated or 
too altered to be logged. 
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Grain Size Distribution 
Height Sand Silt Clay 
7.0m 42% 43% 15% 
1) 
b 6.5m 39% 43% 18% 
6.0m 43% 41% 16% b b 
5.0m 46% 45% 9% I> b 
4.5m 47% 36% 17% I) 
I) 
4.1m 53% 41% 6% 
3.5m 91% 5% 4% . . 
. . 
L9m 59% 29% 12% .' . 
L6m 0% 97% 3% 
0.2m 100% 0% 0% 
Clay Silt Sand Gravel 
Figure 21. Section 2 
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Pebble Lithologies 
Height Crystalline Clastic Carbonate Others 
Light Dark Ss St Ls Ds 
6.5m 29% 15% <1% 21% 21% 15% 0% 
6.0m 29% 11% 4% 24% 25% 16% 1% 
5.5m 31% 10% 2% 20% 17% 19% 0% 
5.0m 42% 5% 0% 18% 15% 19% 2% 
4.5m 29% 15% 0% 21% 20% 15% 1% 
4.1m 23% 19% 0% 18% 19% 17% 1% 
Rose diagram from 6.0 m and 4.5 m 
Center circle represents 10% 
N=53 
Figure 21. (continued) 
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DISCUSSION 
The sediments observed in the quarry can be informally 
divided into three groups: the lowest sediment group in 
the quarry is the channel sands and muds at the base of 
sections 3, 4, and 2 (Figure 22). The second group of 
sediments is comprised of the diamicton found in each 
section, and the third group of sediments is comprised of 
channel deposits within the diamicton at the tops of 
sections 1, 5, and 6 (Figure 21). 
Lower Channel Sands 
The lower sands are probably part of an older Skunk 
river channel described by Sendlein and Dougal (1968). 
These sediments vary in texture from 100% sand in some 
locations to 96% sediments finer than .063mm within the 
same sediment body. 
Lower Sand/Diamicton Contact 
The contact between the sands and the diamicton is 
very sharp. There were rafts of sand in diamicton in some 
areas at the contact. This phemonenon is sometimes 
attributed to sands being frozen and incorporated into the 
till without being homogenized (Dreimanis, 1976). This is 
probably the case here since there is no change in till 
texture at the base of the sections. The grain size 
distributions of the diamicton at the contact do not show 
an increase in the sand fraction. There were also 
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several bullet stones along the contact, which were 
oriented NW, with the narrow end pointing toward the NW. 
Diamicton 
The diamicton in the quarry is compositionally uniform 
throughout the sections. On average for 60 samples, the 
diamicton has a grain size distribution of 46% sand, 42% 
silt, and 12% clay. Kemmis et aI. (1981) reported an 
average grain size distribution of 48% sand, 36% silt, and 
16% sand in basal till of the Alden Member of the Dows 
formation. They also reported that the grain size of this 
basal member varied little within and between sections 
examined in much of the eastern part of the Des Moines lobe 
deposits. Pebble fabric diagrams from the sections in this 
study area were very similar. There was a generally 
bimodal distribution in the alignment of pebble A axes. 
The force of the glacier during basal till deposition 
typically streamlines pebbles into an alignment paralleling 
the flow (Boulton, 1978). The strongest parallel alignment 
is in the NW-SE direction. The weaker alignment was in the 
SW-NE direction. This weaker alignment is due the 
instability of those stones which are perpendicular to flow 
as they try to re-align themselves parallel to flow. 
Lithologically the diamicton is very uniform throughout the 
sections. The bulk of the stones found within the 
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diamicton were crystalline rock fragments composed of light 
colored granite and quartz clasts, and dark basalts. 
Pebbles of rhyolite and Sioux quartzite were also present, 
but were uncommon and occurred in trace amounts. The 
crystalline rocks composed almost 50% of every sample. 
Carbonate rock fragments (limestones and dolostones) were 
next in abundance. Approximately 20% of each sample was 
composed of clastic rocks, nearly all of which was 
siltstone. Very little (1%) of the clastic portion was 
composed of sandstone. There was very little variation in 
the pebble distributions and, while Kemmis et al. (1981) 
looked at the mineralogy of the sand fraction, the numbers 
attained by Kemmis et al. (1981) were similar to the 
results of the present study. What variation there is fell 
within the standard deviation given by Kemmis et al. 
(1981). The NW-SE preferred orientation of th~ fabrics and 
the presence of bullet stones aligned parallel to flow are 
evidence that the till is basal in origin. And given the 
degree of granulometric and lithologic similarity of 
dlamicton throughout the quarry and the similarity between 
the results given here and the results reported by Kemmis 
et al. (1981), it is concluded that the diamicton within 
the quarry is Alden Member till of the Dows formation. 
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Diamicton/Upper Sand Contact 
The surface of the Alden Member 'is cut by three 
sediment-filled channels (Figure 23). Two are filled with 
coarse sands and the third is filled with very fine 
laminated sand. Each one is a discrete unit within the 
Alden Member and each one has a gravel lag near its base. 
This lag is composed of oxidized cobbles and pebbles with a 
matrix of coarse sand. The lag follows the form of the 
channel then thins up the sides. In two of the channels 
the lag is overlain by stratified and cross-bedded sand. 
These two channels also coincide with the crests of two 
"minor moraines". Kemmis et al. (1981, p.52) referred to 
this type of topography as category V, "low relief ridge 
forms" . 
The channel in section one was composed of stratified 
sands 3.2 meters thick. The sands were cross bedded in the 
lower section and massive in the upper meter. Over the 
sands was a layer of diamicton compositionally similar to 
the'till below the sands. There are no fabric data 
available for this location but other indicators, such as 
grain size distribution and pebble lithologies, point to 
the diamicton being similar to the Alden Member till below 
in Section 1 (Figure 6). These field and laboratory 
observations suggest that the channel sands reflect 
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Figure 23. Cross section of the east wall 
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deposits of a subglacial stream. The fact that till and 
sand constitute a ridge in section one further indicates 
that the stream aggraded upward a short distance into the 
glacier before a till cap was deposited on the ridge. 
The fluvial sediments in section 5 occur an adjacent 
flank of a "minor moraine",between the crest and trough. 
These sediments consist of 3.1 meters of laminated muds and 
interbedded massive sands. At the base of the sediments 
was an oxidized gravel lag. This lag was very similar to 
the one found in section 1. It was composed of cobbles and 
pebbles in a matrix of coarse sand. The lag fined upward 
into fine, regularly laminated sands. The lag thinned 
toward the edges of the channel. The sands were overlain 
by alternating layers of fine, laminated sands and massive 
sand layers. 
The sediments at the top of section 6 consisted of 5.5 
meters of laminated sands, massive sands, and cross-bedded 
sands, the upper 1. 5-2 m of which constituted a "minor 
moraine" ridge (Figures 9, 10, and 23). One meter above 
the base of these sands was an oxidized gravel lag which 
was conformable with the sands above and an abrupt change 
from the fines below. The gravel thinned and pinched out 
long the sides of the channel. In the upper 1.5 meter of 
sand there were cross beds with foresets that dipped into 
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the wall of the quarry indicating a current moving toward 
the northeast. 
The crest of the ridge in section 6 could be traced to 
, 
the northeast for over 150 meters. The sand body was also 
traceable to the northeast for a distance of 65 meters 
(Figures.23 and 24). This ridge crest is a typical "minor 
moraine" landform on an air photo >of the area (Figure 24). 
Although the sand body in the ridge crest pinches out 65' 
meters from the quarry the "minor moraine" is still 
traceable for more than a half kilometer (Figure 25). 
Des Moines Lobe Landsurface at the Study Site: 
The Origins of "Minor Moraines" 
A lot of attention has been given to what are called 
"minor moraines" (Gwynne, 1942, 1953; Kemmis et al. 1983). 
As discussed earlier, Gwynne (1942, 1953) stated that 
these were created during winter re-advarices at a time of 
overall ice retreat, with each ridge representing an annual 
re-advance. Foster and Palmquist (1969) listed five 
possible origins but came to no clear conclusions about the 
origin of "minor moraines If Gwynne's (1942) ice theory 
is true, then evidence of shearing within the uppermost 
portion of the Alden Member and associated incorporated 
fluvial deposits should be expected (Hoppe, 1952) in 
sections 1, 5, and 6. Instead, the till is very 
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homogeneous and structurally undisturbed. Fluvial 
sediments are not incorporated into the till, but rather 
are confined to specific channels. Furthermore, there is 
no ind'ication of shearing or thrusting in the Alden Member 
or the channel sands that could have been produced during a 
re-advange. 
It is important to note that the ridge crests trends at 
the study site (Figure 24) are aligned parallel to the 
transverse mode in pebble fabrics in the till immediately 
below the ridgecrests and in other sections as well (Figure 
22). This transverse mode in the pebble fabrics suggests 
that the genesis of the till is related to the processes 
which formed the ridges. This hypothesis is discussed 
further below. 
The Origin of "Minor Moraines" 
When Gwynne (1942) first described the swell and swale 
topography in Story County, he believed that these features 
were minor moraines created during regional ice retreat. 
Gwynne (1942) stated that these were seasonal end moraines 
caused from the ice readvancing during the winter months, 
pushing up till already deposited by the glacier. He also 
stated that by counting the average number per mile he 
could determine that the glacier retreated at a rate of 15 
miles per year. Hoppe (1952) stated that similar features 
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in Spitzbergen could be caused by squeezing of basal till 
into crevasses in the base of the ice which did not extend 
to the surface. The tills examined by Hoppe (1952) did not 
show signs of sorting as would be expected if the material 
had been supra-glacial in origin. The till was compact and 
had all the characteristics of basal till, and the pebbles 
and cobbles within the till showed a distinct fabric with 
their long axis oriented at right angles to the trend of 
the ridges. 
Gravenor and Kupsch (1959) argued that the pebble 
fabrics within similar ridges in the Northern Great Plains 
of the fJ. S. and Canada could have resu 1 ted froln lateral 
plastic flow due to soil creep or solifluction down an ice 
block with a shallow slope. Neither of these papers 
reported the dips of till pebbles; moreover, later work (e. 
g .• Boulton. 1971) pointed that the dips of the stones 
would be just as important as the orientation of the A axis 
when pebble fabric is used as an indicator of till genesis. 
If Hoppe (1952) is correct in assuming that the till is 
squeezed into basal crevasses due solely to the weight of 
the overlying ice, different dips should occur in till 
comprising the ridge, depending on the sample location, and 
in response to the diapiric emplacement of the till. For 
example, stones on the up-glaoier side would dip upglacier 
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and those stones on the down-ice side would dip downglacier 
as the till was squeezed upward. In contrast, at Cook's 
Quarry pebble dips of the stones parallel to ice movement 
are predominantly in the same direction on both sides of 
the crest, which suggests that there was forward motion in 
active ice at the time these hills were created (Figure 
22) . 
The formation of "minor moraines" or ridges and 
troughs, as they will be termed below, could be explained 
using some of Hoppe's (1952) ideas of squeezing of till 
into basal crevasses or cracks in the Des Moines lobe. The 
data may be interpreted to indicate that basal till did 
fill crevasses at the base of the ice during advance 
causing the ridges. This is evidenced by the fabric found 
in the crests and the fact that the diamicton is not sorted 
but is very definitely basal. In the study area, the 
ridges are composed of meltwater sediments so rather than 
the till being squeezed into the crevasses, the crevasses 
are'acting to confine meltwater channels which are 
excavating into the till below forming the sediments filled 
ridges. The troughs then are just the lows created between 
the crests. The ridges could be crevasse fillings at the 
base of the ice which was still moving forward with enough 
force to control the fabric inherited by the Alden Member 
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till. Rather then squeezing due to overburden as Hoppe 
(1952) suggested, the till was aggrading into cracks and 
crevasses, and basal meltwater was flowing into cracks, 
which confined the streams and allowed the sediments to 
aggrade leaving a ridge of sand. These crevasses could 
have formed during the time of ice advance causing 
extension as the Des Moines lobe advanced toward the Beamis 
Moraine. The extension could have caused weaknesses at the 
base of the ice resulting in crevasses which did not reach 
completely through the ice. 
Palmquist et al. (1974) suggested that the ice sheet 
and the resulting depositional history of the (Alden 
Member) till reflected the bedrock topography. They also 
stated that the ice flowed off of bedrock highs they called 
the Pilot Knob upland and the Story divide. They suggested 
it is possible that in the retreating stage of the glacier 
that the ice thinned as it passed over these obstructions 
possibly during the summer season. These extensions 
created areas of weakness in the ice which could have been 
filled with water-saturated diamicton. Palmquist et al. 
(1974) also stated that it is possible that the ridge and 
crest regularity was a regular seasonal occurrence, which 
leaves Gwynne's (1942) idea about the amount of time 
represented by the troughs intact. 
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What Palmquist et al. (1974) did not recognize was that 
the ice flow during retreat is dominated by compression, 
and only during advance is there wide spread extension. 
Micke lson et al. (1983) examained the glacial record of 
the Laurentide ice sheet in the United States and Canada. 
, 
They categorized the different lobes of the ice sheet into 
suites according to the sediment composition and landform 
genesis of each lobe. The Des Moines lobe fell into their 
suites N and K. Suite N has low relief with a thin 
supraglacial sediment layer, whereas suite K has higher 
relief and a thicker mantle of supraglacial sediments. 
Suite N was restricted to lowland areas including much of 
the Des Moines lobe and suite K to the upland areas such as 
the Des Moines lobe in southern Minnesota. Mickelson et 
al. (1983) state that both these suites represent 
stagnant-ice features, with the major difference between N 
and K being relief. They state that the minor moraines in 
the southern part of the lobe are composed of lodgement 
till and that these landforms are restricted to areas where 
the till are derived from smectite-rich Cretaceous shales 
and areas where the Pleistocene sediments are derived from 
shale. The clays in the shales create very low 
permeability in derived tills which inhibits the escape of 
subglacial meltwater. This lack of drainage resulted in an 
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increase in subglacial pore pressure and lower basal shear 
stress. Mickelson et al. (1983) said that this increase in 
pore pressure and the decrease in basal shear stress 
allowed the ice to flatten and the velocity to increase, 
which, during advance of the Des Moines lobe, resulted in 
extensional flow. 
The tills in the study area and those examined by 
Kemmis et al. (1981) have a low clay content, 13 and 14 
percent respectively. It seems unlikely that clay content 
alone would create a high subglacial pore pressure. It is 
possible that pore pressures were elevated due to over 
consolidation of the till. This would create high basal 
water pressures and allow for the ice to become detached 
from the bed resulting in extension due to rapid advance. 
Once the water began to flow under high pressure through 
the crevasses, the force of the water could have been great 
enough to scour a channel in the underlying Alden Member 
till (Figure 26). This could indicate a time when vigorous 
currents deposited a gravel or the winnowing of finer 
material, leaving the stones in place. In either case the 
first event in the formation of these two ridge crests is 
of higher energy than the overlying depositional layers. 
The channel separating the ridge crests in the study area 
(Figure 22) is also scoured out of till, but the sediments 
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which overlie the cobble layer are much finer sands that 
are regularly laminated, light and dark. It is possible 
that the sediments which flowed into this crevasse filling 
were from a later time when the sediment load was 
diminished. 
This model would work in areas outside the study area 
where the ridge crests are filled with basalti 11. In 
these areas the till was apparently fluid enough to be 
squeezed into the crevasses as they opened, not allowing 
the formation of meltwater channel. The fact that these 
ridge crests are composed of basal till with a fabric 
consistent throughout the crest and similar with respect to 
the tills not directly in the ridge crest indicates that 
the ice must have been moving forward at the time of 
formation in order to produce a preferred fabric alignment 
parallel to ice direction flow. These "minor moraines" are 
not moraines as they did not mark an ice still stand or a 
re-advancement during retreat. Rather they could be 
subglacial crevasse fillings created during a time where 
extensional forces were predominant. 
65 
\f ),~'V ~ ~~ \, Ice 
"" ~. ., (:) ~~ V P ) 1 'Y A~ 4 /) A ~ ) OX C\ 6 
b~ " ._ ~ l' ~ ) V b C> b & l .. 
Lodgement Till 
Section 1 Section 5 Section 6 
Ice ~ ~ !) 
I> \ , ~ ~ 
1> 
~ ~ ~ ~ ~ 
Lodgement Till 
Figure 25. Model of crest and trough formation 
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CONCLUSIONS 
Having looked at the data with regard to the quarry 
site and the landforms which the quarry dissects, and 
comparing it with older data, it is possible to draw some 
conclusions about the origin of the diamicton and of the 
landforms. ' 
First, the diamicton found in the quarry is composed of 
basal till of the Alden member of the Dows formation. This 
conclusion was based on compositional uniformity and 
aspects of till fabric from fabric, grain size and 
lithology data and compares to other known samples of the 
Alden Member. 
Second, the sediment channels at the tops of the crests 
and trough in the study area are possibly of a sub-glacial 
origin as evidence by the lack of collapse features and the 
incision of the sands into the diamicton rather than the 
draping over them. 
And third, the landforms in the study area that have 
been called minor moraines in the past are not moraines at 
all but probably sub-glacial crevasse fillings created 
during a waning period of glacial advance. The landforms 
in the study area are filled with meltwater sediments 
deposited in ice confined channels. There is no evidence 
of bulldozing or thrusting as there would be in push 
moraines, and they mayor may not be an annual feature. 
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